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 Closing the nuclear fuel cycle is an important step to improve the safety, economics, and 
environmental impact of nuclear power. To integrate the oxide fuels that are used in the current 
reactor fleet into a metallic fuel cycle applicable to some proposed advanced reactors, an 
electrolytic oxide reduction process will need to be performed. Currently, this process is 
conducted in a LiCl-Li2O electrolyte at 650°C. As the process proceeds, metallic Li is produced 
and dissolves into the electrolyte, resulting in a tertiary system composed of LiCl, Li2O, and Li. 
The materials used to construct the containers and equipment in direct contact with the 
electrolyte have been shown to suffer degradation due to exposure to the resulting LiCl-Li2O-Li 
electrolyte. This thesis investigates Monel 400 as an alternative material for construction of 
equipment used for the electrolytic reduction of used nuclear fuel due to this alloy’s high 
corrosion resistance that is not dependent on the development of protective chromium oxide 
surface films. 
 Exposure testing was performed by submerging Monel 400 samples in LiCl-2wt%Li2O 
with varying concentrations of Li at 650°C for 20 hours. Post exposure analysis of the samples 
was performed using X-ray diffraction, field emission scanning electron microscopy, optical 
microscopy, micro-Vickers hardness testing, Raman spectroscopy, X-ray photoelectron 
spectroscopy, and inductively coupled plasma – optical emission spectroscopy.  
Due to the unique electrochemical properties of molten LiCl-Li2O-Li, conventional 
reference electrodes used in other molten salt electrolytes are not applicable in this system. 
Therefore, a reference electrode based on the Li|Li+ couple was designed and constructed. The 





comparable to reference electrodes commonly used for rigorous aqueous electrochemistry. This 
reference electrode was used to observe the relative electrochemical potentials of Ni and Cu in 
the LiCl-Li2O-Li system at 650°C. 
The observed stability of Monel 400 over the range of molten salt compositions studied 
was superior to that of stainless steel 316, Inconel 615, and Inconel 718 that had been 
previously studied by this research group. The high corrosion resistance of Monel 400 in LiCl-
Li2O-Li at 650°C observed in this study indicates that this material would be superior to other 
materials more commonly used for the construction of equipment necessary for the electrolytic 
reduction of used nuclear fuel. Results from analytical studies show that the interaction of M400 
with LiCl-Li2O-Li system is complex and is likely to involve the formation of a protective Li1-
xNi1+xO2 film on the surface that is subsequently degraded prior to analyses. It is suggested that 
the corrosion resistance and mechanical properties of Monel 400 exposed to LiCl-Li2O-Li at 
650°C should be investigated further to verify the performance of this material in the variable 
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Chapter 1: Introduction 
“If there is a danger to mankind from nuclear energy it does not lie in the use of nuclear energy 
to generate electric power. It lies in the armaments and in the risk of proliferation; it could lie in 
the political tensions which may follow the failure to develop nuclear power and other 
resources as replacements to declining petroleum resources.” – Dr. Sigvard Eklund, former 
director of the International Atomic Energy Agency (1) 
1.1 Energy Needs 
The increasing use of fossil fuels such as coal, oil, and natural gas for power generation 
since the dawn of the industrial revolution has transformed human society, and has caused 
noticeable changes to the planet we inhabit. The rise in energy consumption over this time 
period has given benefits to mankind far too numerous to detail. Quality of life has increased 
considerably along with average life expectancy, both of which have been directly correlated to  
an increase in per-capita energy consumption (2, 3). However, 1.3 billion people in developing 
countries currently lack access to electricity. The United Nations has set a goal of providing 
access to electricity to the remainder of the world by 2030 (4). When this is combined with the 
projected increase in demand for electricity in the industrialized world and expected population 
growth of approximately 2 billion people, projections indicate that global energy consumption 
will increase by 37% by 2040 (5, 6). To meet the supply requirements for such a large increase in 
energy consumption while simultaneously reducing reliance on non-renewable and carbon 
intensive energy sources, considerable investments in sustainable and carbon neutral energy 
technologies must be made. It is important to note that no single energy technology can solve 
these problems and all options must be fully explored. Therefore, this thesis will not attempt to 
compare the merits of the various energy technologies, but will instead delve into the technical 






chapter will give a brief history of the nuclear industry to provide the motivation for the 
research presented in the following chapters is given in this introduction. 
1.2 Nuclear Energy 
 Nuclear reactors currently supply 19.5% of the electricity in the United States, while 
globally 10.9% of electricity demand is met by nuclear energy (7). In 2014, there were 13 
countries generating more than 25% of their electricity via nuclear fission, with France relying on 
nuclear power for 76.9% of total electricity generation (7). The majority of the nuclear reactors 
in operation are of the Generation II light-water reactor (LWR) (8) type; specifically of the 
pressurized water reactor (PWR) and boiling water reactor (BWR) designs. Most reactors 
currently under construction are Generation III+ designs, which are evolutions of the PWR and 
BWR designs that include passive safety features to reduce the risk of a major accident. There 
are also a small number of research and prototype reactors of other designs currently in 
operation. 
 One of the main problems with the current reactor fleet is the large amount of waste 
they produce. This is due to the inefficient use of fissionable materials associated with the so 
called “open fuel cycle” that is employed. In an open fuel cycle, the fuel is inserted into the core 
of the reactor, burned for a period of time, and then stored indefinitely. Thermal reactors can 
only initiate fission in fissile isotopes, such as 235U and 239Pu. Alternatively, fertile isotopes such 
as 238U, are only fissionable in a fast, high average neutron energy, spectrum reactor. This means 
that the fuel for a LWR must have a minimum concentration of fissile isotopes in order to 
maintain criticality.  
 To solve this issue and close the nuclear fuel cycle, while simultaneously enhancing the 






reactor initiative was created (9). Generation IV reactors are designed to be passively safe; they 
safely shut themselves down due to inherent physical phenomena such as gravity, thermal 
expansion, natural convection, or melting, in the event of an accident. The designs for 
Generation IV reactors are summarized below in Table 1 (9). 
Table 1: Generation IV reactor types and primary design characteristics (9). 




Gas Cooled Fast 
Reactor 
GFR He Ceramic 850 Fast 
Lead Cooled 
Fast Reactor 
LFR Pb/Bi Metallic/oxide 500-600 Fast 
Molten Salt 
Reactor 
MSR LiF/UF4 Liquid 800 Thermal/Epithermal 
Sodium Cooled 
Fast Reactor 








VHTR He Ceramic >1000 Thermal/Epithermal 
      
Each of the reactors listed in Table 1 was designed to achieve a specific goal, and the 
implementation of these reactor types, in addition to the current reactor fleet, will provide a 
robust, economical, efficient, and environmentally friendly source of power to humanity. The 
Generation IV designs are expected to come online around 2030, while some may be able to be 
commercialized before this date (9). A discussion of all of the Generation IV reactor designs is 
beyond the scope of this thesis. The fuel cycle for the sodium cooled fast reactor (SFR) will be 






1.3 Nuclear Waste 
 As mentioned previously, one of the major concerns with large scale usage of nuclear 
power is the need for long term storage of the used fuel. Although nuclear fuel is said to be 
‘burned’ in the core of the reactor, only a very small amount of mass is actually converted to 
energy, and the mass of the fuel assemblies upon discharge is essentially unchanged from the 
initial fuel loading. However, the isotopic composition of the fuel changes significantly as a 
direct result of fission and various neutron capture reactions that take place during the fuel’s 
residence in the core (10, 11). 
Due to the statistical nature of these reactions, irradiated fuel contains a broad range of 
radioactive isotopes, some of which decay with half-lives on the order of tens of thousands of 
years (12). Therefore, extreme care must be taken when dealing with Used Nuclear Fuel (UNF). 
These isotopes can be classified into three primary groups: fission products with atomic number 
Z<92, Trans-Uranic Isotopes (TRU) with Z>92, and unburnt uranium with Z=92. The main concern 
associated with the long term storage of UNF lies with the TRU. These isotopes are generally 
long lived radioisotopes created via successive neutron absorption reactions beginning with 238U 
(13). Due to the long lived nature of some of the TRU, UNF must be isolated from the biosphere 
until it decays to an extent that it does not pose a threat to human life. For LWR spent fuel, this 
storage period is on the order of 20,000 years. 
At the end of 2012, the inventory of UNF in the United States exceeded 70,000 tons, and 
is currently increasing at a rate of 2000 tons per year (14). Upon discharge from the core, the 
fuel assemblies are placed underwater in spent fuel pools until the residual decay heat is 
reduced to a level that is manageable with air cooling (11). At that time, the assemblies are 






geologic repository. In the United States, the construction and commissioning of a geologic 
repository for permanent storage of UNF has been mired in political gridlock since the early 
1980s. A large volume of research, at considerable expense, was performed to evaluate the 
proposed Yucca Mountain repository located on the Nevada Test Site approximately 100 miles 
north of Las Vegas, Nevada, however the future of the site remains uncertain (15).  
 Geologic storage of UNF is controversial due primarily to concerns stemming from the 
need to keep the material isolated from the environment for tens of thousands of years. The 
federal government is responsible for the construction of a geologic repository due to the 
complex nature of the storage of UNF. To pay for the construction of such a site, the DOE 
imposed a fee on utilities of 0.1cent/kWh of electricity generated by a nuclear reactor from 
1983 through 2014 (16). In total, the fund exceeded $39.8 billion available to dispose of the 
nation’s nuclear waste at the close of the 2014 fiscal year (17).  
1.4 Reprocessing 
 The name used nuclear fuel implies that the useful aspects of the material have been 
exhausted. However, this is most assuredly not the case, as only 3-5% of the fuel actually 
undergoes fission. The UNF no longer has the reactivity required to sustain criticality in the LWR 
core due to the buildup of fission products that act as neutron absorbers, the thermal neutron 
spectrum used, and the burning of fissile material present in the initial fuel loading. However, 
the potential energy contained in the fertile isotopes remaining in the fuel is enormous. Many of 
the fission products are also valuable for medical and industrial applications (10). The value of 
the elements and potential energy stored in UNF make geologic disposal both extremely costly 
and wasteful. An alternative to this method of disposal is to reprocess the UNF so that the 






generate power, leaving only a small amount of hazardous material to be sent to a geologic 
repository (11).  
Various isotopes of Pu are bred from 238U in the core along with other, heavier 
transuranic isotopes such as Np, Cm, and Am. The TRU isotopes cause difficulties in the handling 
and disposal of UNF due to their long half-lives, however they are able to be burned in a reactor 
to generate power if a fast or epithermal neutron spectrum is used (10). Additionally, 97% of the 
UNF is 238U, which remains capable of generating more fissile 239Pu. If a closed fuel cycle were to 
be implemented, the energy stored in the UNF in the United States is enough to meet 100% of 
the projected energy demand for several hundred years (18). By burning the TRU elements, the 
final waste product consists primarily of short lived fission products with high specific activity, 
meaning that the waste will initially be much hotter, physically and radiologically, but will decay 
over a significantly reduced time period. Only 300-500 years of isolated storage would be 
necessary for the UNF from a closed fuel cycle, as opposed to the tens of thousands of years of 
isolation necessary with LWR UNF (11). 
There are two primary methods used to reprocess UNF; aqueous chemical processing 
and molten salt electrochemical pyrometallurgical processing (11). The most commonly used 
aqueous process is the PUREX process, which stands for plutonium-uranium redox extraction 
and was developed for the Manhattan project during WWII to isolate Pu for use in weapons 
production (11). All countries currently operating large scale reprocessing operations use the 
PUREX method. Due to the stream of isolated Pu inherent to PUREX, there is a nuclear 
proliferation risk associated with the use of this process. This has limited the adoption of this 
technology for peaceful civilian nuclear energy due to U.S. regulations based on fears that it will 






To address the concerns about the economics, safety, efficiency, scalability, and 
proliferation resistance of traditional nuclear energy, the Integral Fast Reactor (IFR) project was 
created in the United States during the 1970’s and 80’s. The sodium-cooled fast reactor 
designed for this project utilized metallic fuel, which allows for the implementation of a method 
for reprocessing UNF utilizing high temperature molten salts, called pyroprocessing (19-30). The 
project was terminated before completion in the early 1990’s for political reasons, but remains 
one of the greatest achievements of American nuclear engineering (31). 
1.5 Pyroprocessing 
 As part of the IFR program, Argonne National Labs (ANL) developed a molten salt based 
electrometallurgical reprocessing technology to recycle spent oxide fuel from LWRs into the 
metallic fuel used in the IFR (19). The integral portion of the name refers to the integration of 
medium scale fuel reprocessing facilities at the reactor site to minimize the hazards and 
proliferation concerns associated with transportation of UNF. The recycling operation was 
termed pyroprocessing due to its high temperature pyrometallurgical nature and is the key 
technological aspect of the entire IFR program (31). 
The entire pyroprocessing operation consists of an oxide reduction unit, an 
electrorefiner, a cathode processor, and a fuel fabrication unit. A process flow diagram of this 
operation is depicted in Figure 2. Various salt purification and recycling steps are also utilized to 
minimize salt waste, but are omitted here for clarity. Reduction of LWR used fuel from the oxide 
form into a metallic product is accomplished by cathodic polarization of the UNF beyond the 
reduction potential of U in a LiCl-Li2O electrolyte at 650°C. While, gaseous fission products are 
removed during this step, many of the more reactive fission products remain dissolved in the 






operation. The oxide reduction process is discussed in greater detail in the following section, as 
it is the focus of the research in this thesis. Metallic UNF, either from the oxide reduction step or 
directly from reactors using a metallic fuel cycle, such as the IFR, is then placed in the 
electrorefining unit, which operates at 550°C. Here, a eutectic mixture of LiCl-KCl saturated with 
UCl3 electrolyte and, the UNF is anodically polarized, and the elements are separated based on 
their reduction potentials. The U, Pu, other TRU actinides, and some of the fission products are 
plated onto a stainless steel cathode, while the lanthanide fission products form a liquid alloy 
with a liquid cadmium cathode. The residual salt is removed from the refined fuel cathode by 
distillation in the cathode processor. The salt is recycled back to electrorefiner, and the refined 
fuel is sent to the fuel fabrication furnace where it is cast into the proper geometry for reuse in 
the core of a metallically fueled reactor. The final waste product contains most of the fission 
products and is in a solid form suitable for geologic storage. 
 
Figure 1: Process flow diagram for the pyroprocessing operation developed by Argonne National labs for 
the reprocessing of spent nuclear fuel as part of the Integral Fast Reactor program. The process consists of 
an oxide reduction unit, an electrorefiner, a cathode processor, and a fuel fabrication furnace. Other salt 
recycling steps have been omitted for clarity. The current research focuses on material reliability concerns 
in the oxide reduction unit (32). 
One of the main advantages of this process is the inherent proliferation resistance of 






weapon grade material, meaning that the technology is inherently more resistant to nuclear 
proliferation than aqueous reprocessing (33). The Pu recovered in electrorefining is always 
mixed with fission products and minor actinides that are highly radioactive or are strong 
neutron absorbers, making weapon fabrication difficult or impossible without subsequent 
refinement (34). Researchers at INL, ANL, and the Korean Atomic Energy Research Institute 
(KAERI) have successfully conducted the entire pyroprocessing operation on a kilogram scale, 
and no major technological barriers remain in the process development stage. Additionally, 
KAERI has performed a large amount of research and development on this process, and has 
designed and constructed an engineering pilot scale facility to validate the economic and 
technical viability of a commercial scale operation (35-39). 
1.6 Electroreduction of Spent Nuclear Fuel in LiCl-Li2O-Li 
As mentioned previously, the reduction of oxide UNF is performed in a molten LiCl-Li2O 
electrolyte at 650°C and utilizes potentiostatic polarization to reduce LWR UNF to a metallic 
form so that it can then be fed into the electrorefiner (40, 41). In addition to the reduction of 
oxide UNF, electro-reduction in LiCl-Li2O has been used to reduce TiO2, SiO2, Ta2O5, and Nb2O5, 
making this process of significant interest to both nuclear and non-nuclear industries (42-45). 
This process is based on the Fray-Farthing-Chen (FFC) process, which pioneered the use of 
molten salts for the electrochemical reduction of metal oxides (46).  
The original reduction process developed by ANL for the IFR project was developed 
before the FFC process and utilized a direct chemical reduction using metallic Li added to pure 
molten LiCl. The metallic Li chemically reduced the metal oxides according to Reaction 1. 






In this process, the concentration of Li2O in the molten electrolyte gradually increases as 
Reaction 1 goes to completion. The FFC electrochemical process replaced this chemical process 
in the early 2000’s as it is much more controllable, and the interaction of metallic Li with 
container materials causes severe corrosion (47, 48).  
In the FFC process, Li2O is added as a catalyst to the molten LiCl to allow for oxygen gas 
to evolve on the anode as current is applied. In theory, the concentration of Li2O does not vary 
as the reduction proceeds. The equations for the cathodic reduction of the metal oxide and 
anodic formation of oxygen gas are given below. 
U cathodic reaction: 𝑈𝑂2 + 4𝑒
− → 𝑈 + 2𝑂2− Reaction 2a 
U anodic reaction: 2𝑂2− → 𝑂2(𝑔) + 4𝑒
− Reaction 2b 
Li cathodic reaction: 𝐿𝑖2𝑂 + 2𝑒
− → 2𝐿𝑖 + 𝑂2− Reaction 2c 







Reduction yields of greater than 99% have been observed for UO2, and this process has been 
used to successfully reduce mixed oxide fuel, as well as simulated high burnup fuel (SIMFUEL) 
(49-51). 
 The reduction of the actinide oxides UO2 and PuO2 in LiCl-Li2O is complicated due to the 
extremely close reduction potentials of the actinide oxides and Li2O. Li2O has a reduction 
potential 70mV higher than UO2, which is in theory large enough to allow for the reduction of U 
without deposition of Li on the cathode; however, in practice it is necessary to provide 
overpotential beyond the reduction potential of Li2O in order to decrease processing time and 






surface, thereby acting as an additional reduction pathway for the actinides, causing the 
reduction to proceed through both the chemical and electrochemical reduction routes given by 
Reactions 1 and 2. It has been shown that the reduction of UO2 proceeds from the surface of the 
pellet inwards, with metallic Li being formed on the surface. The reduction process becomes 
diffusion limited by the transport of O and/or Li through the porous metallic U pellet as the 
reaction goes to completion (54, 55). Due to the solubility of Li in LiCl a portion of the metallic Li 
on the cathode surface dissolves into the molten solution, forming a tertiary LiCl-Li2O-Li 
electrolyte (57-62). The scientific community has yet to reach a consensus on the quantity of Li 
that dissolves into solution and the mechanisms of this dissolution; however, an understanding 
of the interactions of this complex system with engineering materials is of considerable 
importance to the development of this process. 
1.7 Corrosion in Molten Salts  
In order for process equipment to withstand the high temperature molten salt 
environments present in the pyroprocessing operation, materials must be evaluated to 
determine their ability to withstand these conditions. Molten salts have low vapor pressure and 
high chemical stability at high temperature, while exhibiting high ionic conductivity, high heat 
capacity, and high boiling points. These properties have led to their wide range of high 
temperature process applications in industry. A detailed understanding of the corrosion 
mechanisms responsible for the degradation of the materials used to construct industrial 
process equipment is necessary to improve the economics, safety, and efficiency of processes 
utilizing molten salt solutions and their commercial implementation.  Therefore, the 






extensively studied, with a number of books and review articles published on the subject (63-
67).  
The current consensus amongst researchers in the field is that there are two primary 
methods for degradation of a metal in contact with a molten salt: dissolution of metallic atoms 
from the surface of the metal into the salt without oxidation, and oxidation to metallic ions and 
subsequent dissolution (63, 65, 67). The first mechanism is only applicable if there is appreciable 
solubility of the metallic species in the salt, this occurs when the salt is composed of the same 
cation as the base metal as is the case with Li in LiCl. This is largely analogous to the corrosion 
mechanisms in liquid metal interactions. The second mechanism is more widely applicable, and 
implies an electrochemical redox reaction with a requisite exchange of electrons between 
species of differing electrochemical potential. It is important to note that the two mechanisms 
are not mutually exclusive, and both may occur in the same solution for different elements in an 
alloy. 
It is useful to compare molten salts to aqueous solutions due to the many similarities 
between the two and the vast amount of experience with the latter. Due to the ionic nature of 
molten salts, their behavior can be theoretically understood as an infinitely concentrated 
electrolyte in aqueous solution (63). Using this analogy, a molten salt solution can be described 
by its electrolytic character, its oxidation potential, and its acid/base character (65). 
Consequently, the interactions between metals and molten salts can be described largely by the 
reduction potentials for each system and their relative basicities. Salt basicity is defined as the 







 𝑝𝑂2− = − log{𝑂2−} Equation 1 
This is analogous to pOH in aqueous solutions, with higher values indicating acidic solutions, and 
lower values indicating basic solutions (63). Each molten salt system has different 
thermodynamic potentials for a given species; therefore, the optimum basicity for each 
solution/solute combination at which corrosion will be minimized varies significantly. This is 
analogous to increased corrosion rates at high or low pH values in aqueous solution. The change 
in oxide solubilty as a function of O2- activity  can be seen in Figure 2 below, which gives the 
solubility of corrosion products in Na2SO4 as a function of the negative log of Na2O activity: 
analogous to O2- activity previously discussed. There is a narrow range of optimum O2- activity in 
which corrosion is minimized for each solute, which contrasts to the generally broad range of pH 
values over which surface films are stable in aqueous solutions. However, it is important to note 
that solubility never goes to zero and there is always a thermodynamic driving force for 
corrosion (65). The slope on each side of the minima of solubility of the curves on the graph 
below can be described by the formation of acidic (high pO2-) or basic (low pO2-) corrosion 
products. The chemical formulae for these corrosion processes are given by Reactions 3 and 4. 
The slopes of the experimentally determined curves in Figure 2 are in good agreement with the 







Figure 2: Compilation of measured solubilities for several oxides in fused pure Na2SO4 at 1200 K. The 
solubility of an oxide is highly dependent on the oxygen activity, and narrow regions of stability exist (66).  
Basic dissolution: 2𝑁𝑖𝑂 + 𝑁𝑎2𝑂 +
1
2
𝑂2(𝑔) = 2𝑁𝑎𝑁𝑖𝑂2 Reaction 3 
Acidic dissolution: 𝑁𝑖𝑂 + 𝑁𝑎2𝑆𝑂4 = 𝑁𝑖𝑆𝑂4 + 𝑁𝑎2𝑂 Reaction 4 
Corrosion in molten salts has been shown to be dependent to a large extent on the 
impurity levels in the salt (63, 67). The hygroscopic nature of some salts will cause moisture 






solution. Salts that have absorbed moisture result in dramatically increased corrosion rates in 
comparison to dry salts (67). However, once the impurities are consumed, the corrosion process 
is controlled by other factors and the corrosion rate decreases based on the kinetics of the 
previously discussed mechanisms. For short term exposure tests, this can have a large impact on 
the observed corrosion rate if strict purity levels are not maintained. Consequently, the 
environment used to conduct experiments must closely match the environment of the process 
in question such that the impurity levels in the test salt match those encountered in the field 
(65). For the LiCl-Li2O-Li system, moisture content is an issue, as reactions 5, 6, and 7 generate 
corrosive products that increase the corrosion rate of the base material (67, 68). 
 𝐻2𝑂 + 𝐿𝑖𝐶𝑙 = 𝐿𝑖𝑂𝐻 + 𝐻𝐶𝑙 Reaction 5 
 𝐻2𝑂 + 𝐿𝑖2𝑂 = 2𝐿𝑖𝑂𝐻 Reaction 6 
 
𝐻2𝑂 + 𝐿𝑖 = 𝐿𝑖𝑂𝐻 +
1
2
𝐻2 Reaction 7 
Systems with large thermal gradients, such as those found in the thermal energy storage 
loops at concentrated solar power facilities and in the heat exchangers of MSRs, can experience 
increased corrosion rates. This is caused by the difference in alloying element solubility and 
electrochemical potential between the hot and cold portions of the loop, leading to plating 
reactions on the cold side simultaneously with dissolution on the hot side. This causes a net 
mass transfer from hot to cold regions of the loop. Due to the primarily electrochemical nature 
of this mass transfer, it has been termed Faradaic mass transfer to indicate its dependence on 
electrical and ionic currents (63). Prevention of corrosion by Faradaic mass transfer can be 







As elements of low nobility are preferentially removed from the surface, the exterior of 
the material becomes depleted in that element and a concentration gradient between the bulk 
and the surface is created. Since diffusion occurs relatively rapidly at high temperatures, these 
elements migrate from the bulk to the surface, leaving vacancies in the alloy. These vacancies 
then migrate and coalesce at grain boundaries due to the Kirkendall effect, which can give the 
appearance of intergranular corrosion (67, 69). 
The similarity between aqueous corrosion and molten salt corrosion extends to the 
techniques used to study these systems. The electrochemical techniques that are used 
extensively for understanding the behavior of aqueous corrosion processes can also be used for 
studies in molten salt environments. However, such methods must be modified for use in 
specific molten salt systems. For example, reference electrodes must be devised that are unique 
to molten salts, and those that work in one system are not necessarily applicable to another 
(65). The redox potential is a very useful quantity for predicting corrosion processes, and the 
redox potential of a species, 𝑀, can be determined using the Nernst equation in the form below 
(67): 
 𝑀𝑛+ + 𝑛𝑒 = 𝑀  Equation 2 







) Equation 3 
Where 𝑒𝑀 is the redox potential of species 𝑀, 𝑒𝑀
0  is the standard potential for species 𝑀, 𝑅 is 
the ideal gas constant, 𝑇 is the temperature in Kelvin, 𝐹 is the Faraday constant, [𝑀𝑛+] is the 
activity of the oxidized species, and [𝑀] is the activity of the reduced species. For a given 
system, lower redox potentials indicate a reducing environment that will tend to lower the 






corrode materials at a faster rate. The redox potential can be determined experimentally 
through electrochemical means (63, 65, 67). 
1.8 Corrosion in Molten LiCl-Li2O-Li 
 An understanding of the corrosion mechanisms in binary molten salt solutions such as 
LiCl-Li2O is important to give a background for the corrosion processes present in the tertiary 
LiCl-Li2O-Li system found in the electroreduction step of the pyroprocessing operation. However, 
the addition of metallic Li to the system has major implications on the corrosion mechanisms. As 
the LiCl-Li2O-Li system is the focus of this thesis, it is important to note that to date, there have 
only been a handful of reports published studying corrosion in these solutions. Despite its 
significant impact on the electrolytic reduction of UNF, corrosion in the LiCl-Li2O-Li system 
remains largely unstudied. The papers that have been published report conflicting results and 
do not adequately explain the mechanisms responsible for corrosion (70-72). 
 Unpublished work from this research group has shown that corrosion in the LiCl-Li2O-Li 
system is highly dependent on the concentration of each element in solution, as well as the 
impurities that contribute to the overall solution chemistry. Due to the reducing nature of 
metallic Li and the oxidizing nature of Li2O, a number of interesting phenomena have been 
observed, including the formation of Li8 nanoclusters in solution at 650°C, which was observed 
by this research group (73).  
1.9 Material Selection 
 Previous corrosion studies of stainless steel alloy 316 and nickel based Inconel alloys 625 
and 718 performed by this lab group indicates that at high concentrations of lithium metal in the 






these alloys were observed to exhibit high rates of Cr and Mo dissolution. The corrosion 
performance of the Ni based Inconel alloys were superior to that of the Fe based stainless steel. 
For these reasons, it was decided to study a Ni based alloy that was stabilized by elements other 
than Cr. This led to the selection of the Ni-Cu alloy Monel 400 (M400). 
 The elemental composition of M400 is given in Table 2 (74, 75). This alloy was 
developed in the early 20th century based on a naturally occurring ore found at a mine in 
Canada, and has proven to be remarkably corrosion resistant in a number of harsh 
environments. It is commonly used for marine applications, and has numerous industrial uses in 
chemical and hydrocarbon processing operations (76-78). The corrosion performance of M400 
has been shown to be excellent in carbonate salts at 650°C and sulphate salts at 600°C, which 
gave theoretical justification for testing this material in the LiCl-Li2O-Li system at 650°C (77, 79). 
No studies of M400 in molten chloride salts could be found in the open literature. 
Table 2: Elemental composition typical of M400, from ASTM UNS N04400 
Ni wt% Cu wt% Fe wt% Mn wt% 








Chapter 2: Experimental 
 This chapter focusses on the materials, equipment, experimental procedures, and 
analytical techniques used to characterize the corrosion behavior of M400 in molten LiCl-Li2O-Li. 
Technical details, parameters, and other background information required to conduct 
experiments and accurately study material interactions in this complex environment are 
emphasized. The high temperature and highly reactive nature of these molten solutions 
necessitate the use of specialized experimental setups and methodologies in order to minimize 
experimental error, ensure repeatability, and to maintain the safety of those involved in 
performing the experiments. The results from these experiments are given in Chapter 4. 
2.1 Materials 
 The composition of the M400 plate was obtained from California Metals, with a certified 
composition provided in Table 3. The plate was factory cold rolled and annealed. 
Table 3: Elemental composition of the M400 sheet used in this study. 
Ni wt% Cu wt% Fe wt% Mn wt% Minor Components 
63.9 33.0 1.55 1.1 
Si, C, Al, P, Co, S, Pb, 
Sn, Zn 
 
 Anhydrous LiCl of 99wt% purity, li2O of 99.5wt% purity, and metallic Bi powder of 
99.5wt% purity, all packed in an Argon atmosphere, were obtained from Alfa Aesar. Metallic Li 
pellets of 99wt% purity, also packed in an Argon atmosphere, was obtained from Strem 
Chemicals. All powders and metals were opened and stored in the Ar environment of the glove 
box. Methanol was procured from Fisher Scientific and was of HPLC grade at 99.9% purity. 55mL 
Nickel crucibles were obtained from Alfa Aesar. Graphite tubes, used for the Li-Bi reference 






extruded graphite. M400 and Nickel wires were obtained from ESPI metals. Commercial grade 
Copper wire was obtained from Arcor metals. 
2.2 Sample Preparation 
 A schematic diagram of the sample geometry and submersion depth during exposure is 
given in Figure 3. M400 samples were cut into ½” by ½” squares from a 1/16” thick plate using a 
CO2 laser. Sample coupons were exposed to the molten solutions in their as-received condition 
to simulate real world conditions. The samples were spot welded to 0.032” diameter M400 wire 
on one corner for suspension from the sample holder. The sample height was fixed such that the 
maximum surface area could be exposed to the salt melt without exposure of the heat affected 
zone from the spot weld. 
 
Figure 3: Exposure testing sample geometry showing the approximate depth of immersion in the molten 
LiCl-Li2O-Li salt. 
 The design shown in Figure 3 allowed samples to be made on a jig in a repeatable 
manner that gave an exposed surface area of 3.2cm2±0.16cm2 (5%). Two samples were used for 
each test, resulting in a total exposed surface area of 7.2cm2. The samples were degreased using 
99.95% pure acetone and dried in the vacuum antechamber of the glove box prior to being 






2.3 Glove box 
The highly reactive nature of molten salts containing metallic Li as well as the 
hygroscopic qualities of room temperature LiCl require that these experiments be conducted in 
an inert atmosphere in the absence of significant quantities of O2 or H2O. For this purpose a 
Vacuum Research Systems OmniLab glove box with an argon atmosphere was used to contain 
the furnace, balance, and chemicals used in this study. The glove box employed a copper plate 
type purification system to maintain the oxygen concentration at less than 10ppm, and a 
molecular sieve to keep water content below 2ppm. Glove box electronics were kept below 
40°C by an exterior water cooling loop. 
2.4 Furnace, Temperature Control, and Crucibles 
The exposure testing setup, shown in Figure 4, used three concentric crucibles inside of 
a furnace to contain the salt in the event of failure of the inner crucible or accidental spillage of 
the molten salt. The outermost crucible was a 2 ½” inner diameter schedule 40 steel pipe 
welded to a 1/8” steel plate designed to both contain liquid metallic lithium and to stabilize the 
furnace temperature by increasing the thermal inertia of the system. The total height of the 
steel crucible was 3”. The second crucible was a 3” tall, 2” inner diameter graphite crucible 
purchased from the Graphite Store that fit within the steel crucible. In the event of an 
unexpected system failure, the graphite crucible is designed to contain any spilled LiCl and Li2O. 
The use of the steel crucible is essential as metallic Li diffuses through the porous graphite. The 
inner crucibles, used to directly contain the molten LiCl-Li2O-Li, were nickel crucibles obtained 
from Alfa Aesar of 55mL capacity. The use of a metallic crucible is necessary since metallic 
lithium is known to react readily with all commercially available ceramics (80). This crucible 







Figure 4: Schematic of the furnace, crucibles, sample holder and other various equipment contained 
within the furnace used for the experiments conducted in this study. 
A three inch inner diameter Watlow furnace was controlled by a PID using a type K 
thermocouple for continuous temperature control. The tip of the thermocouple was inserted 
through a small hole in the side of the furnace and was placed in contact with the outside of the 
steel containment vessel. The temperature set point was calibrated using a second type K 
thermocouple inserted directly into a salt melt used specifically for this purpose. To minimize 
contamination in the salt melt due to insertion of a thermocouple, the temperature of the salt 
itself was not monitored directly during individual experiments, and temperature control relied 
on the proper calibration of the external thermocouple. However, all temperatures when 
reported are the molten salt temeperature. Temperature during exposure was maintained in 






2.5 Exposure Testing 
 The total mass of LiCl, Li2O and Li used for each experiment was 50g. The salt melt was 
composed of LiCl-2wt%Li2O with concentrations of Li ranging from 0wt% to 1wt% in 0.1wt% 
increments.  All masses were measured to ± 0.001g accuracy using a balance with a 0.0001g 
precision. Exposures in LiCl-2wt%Li2O with 0, 0.2, 0.4, 0.6, 0.8, and 1.0 wt%Li solutions were 
conducted in duplicates to ensure repeatability of the calculated corrosion rates, resulting in a 
total of 17 exposure experiments. 
 In accordance with Gese et al., impurity H2O in hygroscopic LiCl was removed from the 
salt prior to the addition of Li2O and Li by heating the required mass of LiCl for each experiment 
to 550°C for 2 hours in a Ni crucible (68). Following the drying procedure, the required mass of 
Li2O and Li were added to the LiCl at 550°C and the temperature of the melt was raised to 650°C. 
The temperature was allowed to stabilize for one hour to ensure the solution was completely 
melted (81). Sample coupons were then connected to the sample holder, the assembly was 
lowered into the furnace, and covered with the furnace lid. All exposure tests were conducted 
for 20 hours. Once the allotted exposure time had elapsed, the samples were removed from the 
furnace and allowed to cool to room temperature before being stored, while the salt was 
allowed to cool and solidify in the Ni crucible inside the furnace. 
2.6 Electrochemical Measurements 
 The open circuit potentials (OCP) of Cu and Ni wire electrodes versus a Li-Bi reference 
electrode were measured in various molten solutions of LiCl-Li2O-Li in order to elucidate the 
mechanisms driving the corrosion of M400 in the LiCl-Li2O-Li system. The LiCl-Li2O-Li electrolyte 
used in these OCP studies was prepared in a similar manner to that used for exposure testing 






the glove box to remove any surface contamination. For tests using the Li-Bi reference 
electrode, the electrode was heated along with the salt to minimize potential damage due to 
thermal shock. Wire electrodes were suspended in alumina tubes and attached to a vertical 
translation stage to allow for immersion in the electrolyte at temperature. A Gamry PC4 
potentiostat was used in all experiments in conjunction with Gamry Framework and Echem 
Analyst software. The potential was measured every second for 200 seconds after the voltage 
stabilized. 
2.7 Post Exposure Analytical Methods 
A suite of surface analytical techniques were used to characterize the samples following 
exposure testing. This section will cover the methodology and parameters used for each 
instrument as well as the types of data each technique was used to collect, while the results of 
these studies will be presented in Chapter 4. 
2.7.1 X-Ray Diffraction 
 Grazing incidence X-ray diffraction (GI-XRD) was used to characterize the crystalline 
phases present on the samples following exposure. A Rigaku Smartlab was used to conduct XRD 
analysis. The x-ray tube had a copper target and was operated at 40KV and 44mA. Cu Kβ 
radiation was removed by the use of a Ni filter. Grazing angle diffraction was performed in a 
parallel beam optical configuration with an incidence angle of 0.5° in order to study the surface 
films formed as a result of exposure testing. In this configuration, the X-ray source was held 
fixed relative to the sample, with only the detector arm moving to collect the diffraction 
pattern. A scan range from 2θ=5° to 90° was employed  using a step size of 0.06° and a rate of 1° 






removal from the salt melt, all measurements were performed in an inert atmosphere by 
maintaining the sample in a plastic bag that was sealed in the Ar environment of the glove box. 
This technique has been successfully employed by previous researchers studying hygroscopic 
samples, and has been confirmed by our research group (82, 97). The bag was held off the 
surface of the sample with plastic tubes to minimize its interference.  
 
Figure 5: Top: Rigaku X-Ray Diffractometer used for characterization of phases present on samples. 







2.7.2 Scanning Electron Microscopy and Energy Dispersive X-Ray Spectroscopy 
 Field emission scanning electron microscopy (FESEM) was used to characterize sample 
morphology. A Hitachi S-4700 FESEM equipped with an Oxford Instruments energy dispersive X-
ray spectrometer (EDS) was used in this study. The LaB6 field emission electron source was 
operated at 20kV and 15mA. The working distance was set at 11.9±1mm. The samples and puck 
were sealed in a plastic bag in the Ar atmosphere glove box to prevent atmospheric 
contamination during transport to the FESEM; however, the design of the instrument 
necessitated exposure of the samples to air for approximately 15 seconds before being 
introduced to the FESEM vacuum chamber. Micrographs were taken at 50x, 500x, 5,000x, and 
25,000x magnification. EDS spectroscopy was performed at 25,000x magnification on areas of 
exposed alloy to give a quantification of the elemental composition of the sample surface. A 
collection time of 124 seconds for EDS was used, and the microscope was operated under the 
same conditions as during imaging. 
 
Figure 6: Hitachi S-4700 Field Emission Scanning Electron Microscope and Oxford Instruments energy 






2.7.3 Micro-Vickers Hardness Testing and Optical Microscopy 
 A Shimadzu Seisakusho LTD NT-M001 hardness tester was used to indent the samples 
for micro-Vickers hardness measurement in order to study the variation of surface mechanical 
properties that occurred as a result of exposure to molten LiCL-Li2O-Li. The samples were rinsed 
with methanol for 10 minutes to remove the LiCl remaining on the surface prior to indentation. 
A load of 500g was applied for 30 seconds per indentation. Each sample had 10 indentations 
performed in order to provide statistically accurate determination of surface hardness. For 
micro-Vickers hardness testing, the indentation created is square pyramidal in geometry and the 
length of the diagonal (d), in μm, and the load (L), in g, are used to calculate the Vickers 




 Equation 4 
Images of the indentations were captured using the 200x objective lens of a Leica MC170 HD 
operating with the Leica Application Suite version 4.3. This software package was also used to 
measure both diagonal lengths of each indentation. The average of the two diagonal lengths 
was used for the calculation of each indentation. The hardness measurement made using this 
equipment was verified to be accurate using a NIST certified hardness standard. These images 







   
Figure 7: Shimadzu Seisakusho LTD. NT-M001 used for micro-Vickers hardness testing. 
 
  
Figure 8: Leica MC170 HD microscope and computer used to capture images of sample surfaces and 






2.7.4 Raman Spectroscopy 
Raman spectroscopy was used to study the surface of the exposed samples and to 
characterize the rotational and vibrational modes of the sample surface following exposure to 
molten LiCl-Li2O-Li. A Thermo Scientific DXR Raman spectrometer equipped with a 10 mW 
532nm laser that was passed through a custom fiber optic probe designed by InPhotonics was 
used for this study. The use of the fiber probe allowed the Raman spectroscopic analysis to be 
conducted in the Ar atmosphere of the glove box. The fiber probe, which had a focal length of 
5mm, functioned as both the focusing and the receiving optics for the system for these 
measurements. The beam was focused by a computer controlled vertical translation stage from 
Zaber Technologies with a precision of 10μm. The height of the fiber probe was adjusted until 
the strongest signal was recorded by the Raman microscope. The spectra reported are an 
average of 16 individual exposures of 16 seconds each.  
 
Figure 9: Thermo Scientific DXR Raman microscope used to characterize the rotational and vibrational 






2.7.5 X-Ray Photoelectron Spectroscopy 
 X-ray photoelectron spectroscopy (XPS) was used to quantify the elemental composition 
of the sample surface. All samples were rinsed with methanol for 10 minutes prior to XPS 
analysis to remove the residual salt layer from the sample surface. A Phi 5600 XPS using Mg Kα 
radiation of 1253.6eV at an accelerating voltage of 14kV and operating at 300W was used for 
this study. The Ag 3d5/2 line at 368.3eV was used to calibrate the spectrometer to an accuracy of 
±0.05eV. The variation of composition as a function of depth was analyzed through the use of 
Ar+ sputtering. The ion gun was operated at a current density of approximately 0.1mA/cm2 and 
was measured to remove approximately 7nm of Ta2O5 per minute over 9mm2 of surface area. 
XPS spectra were collected from an area of 1.6mm2 for binding energies between 1100eV and 
0eV with a step size of 0.5eV, using a pass energy of 29.35eV and a dwell time of 50ms. The 
reported spectra are the average of 10 individual spectra.  
Elemental composition was determined using the XPS spectra and normalizing the 
elemental line intensity by the respective photoelectron emission cross sections. Quantification 
of the relative atomic ratios of Ni and Cu on the sample surfaces was performed using the 
AugerScan software. The area of the Cu 2p3/2 peak was determined using a Shirley background 
from an upper binding energy of 936.0eV to a lower binding energy of 928.5eV for all samples, 
as Cu was only observed in the metallic state. Fitting of the Ni 2p3/2  spectrum is known to be 
complex due to the multiplet, shake-up, and plasmon loss structures unique to Ni spectra (84). 
Therefore, the area of the Ni 2p3/2 peak was determined using a Shirley background from an 
upper binding energy varying between 865eV and 862.5eV to a lower binding energy of 848.5eV 






862.5eV for the sputtered spectra, as Ni was only observed to be in the metallic state after 
sputtering. 
 
Figure 10: The Phi 5600 X-Ray photoelectron spectrometer used to quantify sample surface composition. 
 
2.7.6 Inductively Coupled Plasma - Optical Emission Spectrometry 
 Inductively coupled plasma optical emission spectrometry (ICP-OES) was used to 
quantify the alloying elements that dissolved into the salt as a result of each exposure test. The 
cooled salt ingot was dissolved in 750ml of 18 MΩ deionized water. The resulting solution was 
analyzed using a Perkin Elmer Optima 8000 ICP-OES. SCP Scientific supplied spectroscopic 
standards for calibration. The concentrations were reported in mg/L by the instrument and had 







Figure 11: Perkin Elmer Optima 8000 Inductively Coupled Plasma Optical Emission Spectrometer used to 







Chapter 3: Lithium-Bismuth Reference Electrode Development 
 As stated in Chapter 1, in order to conduct electrochemical experiments for a given 
molten salt system a suitable reference electrode must be devised. For an electrode to act as a 
reference, it must be able to maintain a stable electrochemical potential independent of 
changes in the solution chemistry. To accomplish this, a redox couple that maintains a constant 
Gibbs free energy of formation over the range of electrolyte solution chemistries needs to be 
utilized. The Ni|Ni2+ couple is typically used as a quasireference in the LiCl-Li2O system (40, 85). 
However, the LiCl-Li2O-Li system studied in this work contains significant quantities of dissolved 
metallic Li, negating the usefulness of the Ni|Ni2+ electrode. This is due to the inclusion of both 
Li and Li2O in the electrolyte, since any oxidized species (M+) that would not be reduced by Li 
would have a corresponding reduced species (M) that would be oxidized by Li2O. The inverse of 
this argument is also true. This paradox is summarized by Reactions 8 and 9 below 
 If ΔGM|M+ > ΔGLi|Li+ then  2𝑀 + 𝐿𝑖2𝑂 →  𝑀2𝑂 + 2𝐿𝑖 Reaction 8 
 If ΔGM|M+ < ΔGLi|Li+ then  𝑀2𝑂 + 2𝐿𝑖 →  2𝑀 + 𝐿𝑖2𝑂 Reaction 9 
Consequently, the selection of a redox couple (M|M+) for this system that acts as a true 
reference electrode is near impossible, as no species exists that spans the electrochemical 
window necessary to maintain a stable reference voltage in LiCl-Li2O-Li. For this reason, a 
reference electrode was designed for the LiCl-Li2O-Li system based on the Li|Li+ couple utilizing a 
liquid alloy of Li and a more reactive element. For thermodynamic reasons discussed below, at 
the interface between the liquid alloy and molten LiCl-Li2O-Li, the Li|Li+ couple is in equilibrium 






Two such liquid metal reference electrode systems have been reported in the literature, 
those being Li-Pb and Li-Bi (86, 87). Due to the toxicity of Pb, the Li-Bi system was chosen in this 
study. Ideally, the Li-Bi composition for a stable reference electrode is 60at% Li-40at%Bi (88). 
This composition was chosen by studying the Li-Bi phase diagram; shown in Figure 12 (89, 90). In 
this diagram, it can be seen that intermetallic BiLi3 is formed at 75at% Li, and the liquidus at 
923K occurs at approximately 52at%Li. Additionally, it has been shown that the intermetallic 
phase exists at deviations of as much as 22at%Li from the ideal stoichiometry (90). Therefore, in 
this concentration range, a mixture consisting of liquid Li-Bi and solid BiLi3 is formed. Under the 
operating conditions, Reaction 10 describes the equilibrium in the reference electrode. 
 𝐵𝑖(𝑙) + 3𝐿𝑖(𝑙) ↔ 𝐵𝑖𝐿𝑖3(𝑠) Reaction 10 
Analogous to common pyrometallurgical practices, the intermetallic BiLi3 acts as a sink 
and source for any fluctuations in Li concentration while maintaining a constant activity of Li in 
the reference electrode (25). This is due to the fact that Li will maintain unit activity when 
dissolved in the liquid metal containing intermetallic BiLi3. Consequently, the potential of the Li-
Bi reference electrode will theoretically remain constant over a wide range of Li concentrations 
in the electrolyte. A thin walled graphite tube with a closed end was used as an ion bridge 







Figure 12: Phase diagram for the Bi-Li system.  
 The reference electrode was constructed by mixing metallic Li and Bi in the proper ratio 
to form 3g of the desired alloy in a 1mm walled graphite tube at room temperature. The same 
furnace used for exposure testing was used to assemble the Li-Bi reference electrode. The 
assembly was heated to 200°C for 30 minutes to melt the Li component, whereupon the 
formation of the intermetallic Li3Bi phase occurred (91). This was followed by heating at 300°C 
for 30 minutes to melt any unreacted Bi. Final annealing was performed at 800°C for 5 hours to 






All attempts at forming the intermetallic Li3Bi phase resulted in the failure of the 
graphite cell. McDeavitt noted that the formation of Li3Bi is highly exothermic with a standard 
heat of mixing of -251.3kJ/mol, which in an adiabatic system would equate to a temperature rise 
of more than 2000°C due to the compound’s low specific heat of 115J/mol·K (91). Consequently, 
a different formulation for the Li-Bi alloy was chosen for the construction of the final electrodes. 
Previous research has shown that the activity of Li in Bi is relatively constant with respect to 
fluctuations in Li content, with variations in composition from 10 to 50at%Li having a potential 
variation of only 20mV (92). Variations in composition are expected to be much smaller than this 
for the reference electrode developed in this study, allowing for a fairly stable voltage to be 
maintained. Therefore, the composition of 30at%Li-70at%Bi was chosen for the final design. This 
Li-Bi composition has been successfully used as a reference electrode in the LiCl system by 
previous researchers (93). Two Li-Bi reference electrodes were successfully constructed using 
this composition. An image of one of the completed reference electrodes used in this study is 








Figure 13: Image of a Li-Bi reference electrode following the completion of one of the electrochemical 
tests presented in Section 4.2. The alloy is composed of 30at%Li-70at%Bi and is contained in a graphite 
tube with 1mm wall thickness. A dark band at the bottom of the graphite tube, indicated by the red 
arrow, showed the level of the alloy in the tube as a result of diffusion of Li through the wall. The 
electrode was wrapped in fiberglass for electrical insulation and supported with a metal test tube clamp. 









Chapter 4: Results and Discussion 
 This chapter will present and discuss the results of the experiments, as outlined in the 
Chapter 2 of this study. Observations are presented in sections 4.1 and 4.2, and interpretation of 
these observations is presented in Section 4.3. The overall conclusions and recommendations 
drawn from this work are given in Chapter 5. 
4.1 Exposure Testing  
4.1.1 Visual Observations 
 Upon removal from the LiCl-Li2O salt melts containing metallic Li, visual inspection 
indicated the M400 samples showed no visible signs of degradation by the exposure. However, 
the samples exposed to LiCl-2wt%Li2O without metallic Li showed signs of corrosion not seen on 
the samples that had been exposed to melts containing metallic Li, as can be seen in Figure 14. 
The amount of visible degradation was not as severe as that with Inconel and stainless steel 
samples in other similar studies conducted by this research group. These visual observations, 








Figure 14: Optical image of Monel 400 samples. (A) Exposed to LiCL-2wt%Li2O in the absence of Li at 
650°C for 20 hours. (B) Exposed to LiCL-2wt%Li2O-0.1wt%Li at 650°C for 20 hours. (C) As-received. (D) 
Exposed to LiCL-2wt%Li2O-0.5wt%Li at 650°C for 20 hours. (E) Exposed to LiCL-2wt%Li2O-0.9wt%Li at 
650°C for 20 hours.These samples are representative of all samples following exposure to molten LiCl-
Li2O-Li. Degradation was seen at the liquid level for the sample exposed to LiCl-2wt%Li2O in the absence 
of Li, but not on samples exposed to LiCl-2wt%Li2O containing Li. 
4.1.2 X-Ray Diffraction 
 GI-XRD was performed to detect changes in the lattice parameter of the base alloy and 
the crystalline phases present on the sample surface following exposure to molten LiCl-Li2O-Li. 
GI-XRD of M400 samples exposed to molten LiCl-2%Li2O-Li solutions was performed in a plastic 
bag sealed in the Ar atmosphere of the glove box in order to preserve any corrosion products 
that are unstable in air. The diffraction pattern of an as-received sample was recorded in the 
same manner to serve as a control that could be used to account for any changes in the 
diffraction pattern caused by the plastic bag. Figure 15 shows the diffraction pattern of an as-
received M400 sample analyzed in a plastic bag. The peaks occurring at 2θ = 44.1°, 51.3°, and 
75.5°, are characteristic of M400 and correspond to the (1,1,1), (2,0,0), and (2,2,0) planes, 
respectively. ICDD card number 01-077-7711 was used for identification of the M400 crystal 
planes. A minor additional peak at 2θ = 23.1° is caused by the plastic bag. The crystal structure 
of M400 is FCC, owing to its primarily Ni-Cu composition, and has an as-received lattice 





















Figure 15: GI-XRD pattern for as-received M400 obtained in air and while contained in a plastic bag. The 
primary diffraction peaks occur at 2θ = 44.1°, 51.3°, and 75.5°, corresponding to the (1,1,1), (2,0,0), and 
(2,2,0) planes respectively. A minor amorphous peak centered on 2θ = 21° is attributed to the plastic bag, 
as this peak is not present on the sample analyzed in atmosphere. The plastic bag did not cause any shift 
in the primary diffraction peaks of M400. The lattice parameter of M400 is 3.65Å, as calculated from the 
peak positions of these diffraction patterns. 
Figure 16 shows the diffraction pattern of a M400 sample exposed to LiCl-2wt%Li2O-
0.9%Li at 650°C for 20 hours. This pattern is typical of the diffraction patterns obtained for M400 
samples following exposure to LiCl-Li2O-Li at 650°C for 20 hours. The peak positions obtained 
from this pattern are given in Table 4. This sample is presented separate from the bulk of the 
diffraction patterns collected as it displays all of the peaks found on the other samples. Not all 
samples displayed all of the diffraction peaks found in this pattern and the relative intensity of 






optics for the collection of these diffraction patterns prevents comparison of peak heights 
between samples. The phases present were M400, LiCl, and LiCl-monohydrate. No correlation 
was observed between the presence of any given peak or group of peaks and the Li 
concentration in the melt. 






























Figure 16: GI-XRD pattern of M400 exposed to LiCl-2wt%Li2O-0.9wt% Li at 650°C for 20 hours. Diffraction 
peaks corresponding to M400, LiCl, and LiCl-monohydrate phases, labeled as Δ, +, and o, respectively 
Minor peaks were not identified (*), but are suspected to be oxides of the base alloy and Li, and are 








Table 4: Peak positions and of the diffraction peaks detected on M400 exposed to LiCl-2wt%Li2O-
0.9wt%Li, and the symbol corresponding to peaks in Figure 16 above.  
Peak No. 2θ (deg) Phase Plane (h,k,l) Symbol 
1 18.23 Plastic Bag  x 
2 23.06 Lithium Chloride-Monohydrate (1,0,0) o 
3 30.07 Lithium Chloride (1,1,1) + 
4 32.86 Lithium Chloride-Monohydrate (1,1,0) o 
5 34.87 Lithium Chloride (2,0,0) + 
6 36.69 Unknown  * 
7 40.57 Lithium Chloride-Monohydrate (1,1,1) o 
8 44.02 M400 (1,1,1) Δ 
9 46.95 Unknown  * 
10 47.37 Lithium Chloride-Monohydrate (2,0,0) o 
11 48.48 Unknown  * 
12 50.15 Lithium Chloride (2,2,0) + 
13 51.28 M400 (2,0,0) Δ 
14 53.39 Unknown  * 
15 54.35 Unknown  * 
16 58.79 Lithium Chloride-Monohydrate (2,1,1) o 
17 59.56 Lithium Chloride (3,1,1) + 
18 62.49 Lithium Chloride (2,2,2) + 
19 68.86 Unknown  * 
20 69.25 Lithium Chloride-Monohydrate (2,2,0) o 
21 70.12 Unknown  * 
22 75.45 M400 (2,2,0) Δ 
23 78.11 Unknown  * 
24 78.86 Lithium Chloride-Monohydrate (3,1,0) o 
25 81.52 Lithium Chloride (3,3,1) + 
26 84.12 Lithium Chloride (4,2,0) + 
27 87.88 Lithium Chloride-Monohydrate (2,2,2) o 









Phases identified via XRD were M400, LiCl, and LiCl-monohydrate. The as-received M400 
sample served as baseline for the M400 phase, while ICDD card numbers 00-004-0664 and 01-
072-4565 were used for identification of LiCl and LiCl-monohydrate, respectively minor peaks 
did not match any diffraction pattern for compounds containing the elements present in the 
base alloy or salt phases. These are suspected to be resulting from the presence of Li 
intercalated oxides of the base alloy due to the evidence of oxygen on the sample surface 
obtained from EDS analysis of unrinsed samples, which is presented in Section 4.1.3. These films 
would be very thin, as observed by the low relative intensity of these peaks on the XRD patterns 
and the XPS analysis of rinsed samples in section 4.1.6.  
The diffraction patterns collected from the surfaces of M400 samples following 
exposure to molten LiCl-Li2O-Li had peak positions consistent with those detected on the 
0.9wt%Li sample. The diffraction patterns collected for all M400 samples exposed to molten 
LiCl-Li2O-Li solutions at 650C for 20 hours are given in Figure 17. Analysis of the M400 peak 
positions, shown in Table 5, indicates that there was minimal contraction or expansion of the 






























Figure 17: GI-XRD patterns obtained from M400 samples exposed to molten LiCl-2wt%Li2O-Li at 650°C for 
20 hours. The weight percent metallic Li content of the salt melt is indicated on each diffraction pattern. 
LiCl, LiCl-monohydrate and M400 were identified on all samples except for the sample exposed to 1wt%Li, 
which only displayed peaks of M400 and LiCl. Inconsistencies in the ratios of phases between samples can 
be attributed to varying salt thickness and the susceptibility of parallel beam optics to detection of 






Table 5: M400 peak positions, inter-planar spacing, and lattice parameters for as-received M400 and M400 samples exposed to LiCl-2wt%Li2O-Li at 
650°C for 20 hours. Peak positions varied minimally, and the lattice parameter was unaffected by exposure to the salt melt. This indicates that the 
base alloy suffered minimal degradation due to exposure to the salt melt. 
Weight 
Percent Li 
(1,1,1)    
(deg 2θ) 
(2,0,0)    
(deg 2θ) 
(2,2,0)    
(deg 2θ) 
d(1,1,1)       
(Å) 
d(2,0,0)       
(Å) 
d(2,2,0)       
(Å) 
a(1,1,1)      
(Å) 
a(2,0,0)       
(Å) 






No Li 44.06 51.38 75.56 2.055 1.778 1.258 3.560 3.557 3.559 3.559 0.088 
0.1% Li 44.12 51.38 75.56 2.053 1.778 1.258 3.555 3.557 3.559 3.557 0.045 
0.2% Li 44.12 51.38 75.62 2.053 1.778 1.257 3.555 3.557 3.557 3.556 0.022 
0.3% Li 44.12 51.38 75.56 2.053 1.778 1.258 3.555 3.557 3.559 3.557 0.045 
0.4% Li 44.12 51.38 75.68 2.053 1.778 1.257 3.555 3.557 3.554 3.555 0.000 
0.5% Li 44.06 51.38 75.56 2.055 1.778 1.258 3.560 3.557 3.559 3.559 0.088 
0.6% Li 44.06 51.38 75.56 2.055 1.778 1.258 3.560 3.557 3.559 3.559 0.088 
0.7% Li 44.06 51.38 75.62 2.055 1.778 1.257 3.560 3.557 3.557 3.558 0.066 
0.8% Li 44.06 51.38 75.56 2.055 1.778 1.258 3.560 3.557 3.559 3.559 0.088 
0.9% Li 44.06 51.32 75.62 2.055 1.780 1.257 3.560 3.560 3.557 3.559 0.102 
1% Li 43.94 51.32 75.56 2.061 1.780 1.258 3.569 3.560 3.559 3.563 0.211 
As-received 
M400 







As mentioned previously, GI-XRD patterns were collected with the samples sealed in 
plastic bags to prevent atmospheric contamination from destroying the species present on the 
surface that are not stable in air (82).  To confirm the efficacy of this technique, a sample was 
exposed to air immediately following the collection of the GI-XRD pattern in a bag and the XRD 
pattern was collected a second time using the same parameters. The results of this experiment 
are shown in Figure 18. The M400 sample exposed to molten LiCl-2wt%Li2O-0.7wt%Li at 650°C 
was selected for this test, as it had the highest relative intensity of salt in its initial GI-XRD 
pattern out of all samples, as evident in Figure 17. 













0.7% Li, air exposed
M400, as received
 
Figure 18: GI-XRD patterns of, from bottom to top, M400 exposed to molten LiCl-2wt%Li2O-0.7wt%Li at 
650°C maintained in an Ar atmosphere in a plastic bag for the duration of the measurement, M400 
exposed to molten LiCl-2wt%Li2O-0.7wt%Li at 650°C as measured in an air filled plastic bag, and as-
received M400 measured in a plastic bag. All crystalline phases other than those of M400 are eliminated 







From the data shown in Figure 18, it is evident that the method of using a plastic bag to 
maintain the as exposed surface of the samples in an inert atmosphere was mostly effective. 
The presence of LiCl-H2O indicated that that some contamination of the samples occurred either 
from storage in the glove box, which is maintained at or below 10ppm H2O, or from diffusion 
through the bag during GI-XRD analysis. However, more importantly it demonstrated that the 
salt phases as well as the surface films on the M400 samples were not stable upon exposure to 
atmosphere. 
4.1.3 Field Emission Scanning Electron Microscopy and Energy Dispersive X-Ray 
Spectroscopy 
 Surface morphology of the samples exposed to LiCl-Li2O-Li at 650°C for 20 hours was 
characterized using FESEM. Analysis was performed on the exposed samples both before and 
after rinsing with methanol to remove the residual salt layer, as well as on an as-received 
sample to serve as a baseline for observation of changes in surface morphology.  
 Figure 19 shows the FESEM micrographs taken of an as-received M400 sample. The 
surface was characteristic of mill finished sheet metal. Minor blemishes due to the cold rolling 







Figure 19: FESEM micrographs of an as-received M400 sample taken at magnifications of (a) 50x, (b) 500x, 
(c) 5,000x, and (d) 25,000x. The surface is characteristic of mill finished cold rolled sheet metal. Minor 
surface imperfections are prevalent. 
4.1.3.1 FESEM micrographs of non-rinsed samples 
 
 Figure 20 shows the FESEM micrographs taken at 50x magnification of unrinsed M400 
samples exposed to LiCl-Li2O with varying concentrations of Li at 650°C. Due to the design of the 
transfer chamber on the microscope, it was necessary to briefly expose the samples to 
atmosphere before being inserted into the vacuum chamber of the FESEM. Total exposure to 
atmosphere was limited to approximately 15 seconds. Consequently, the unrinsed samples 
adsorbed a small amount of water from the atmosphere due to the highly hygroscopic nature of 
LiCl and the ambient humidity of the room. The degradation of the surface due to water 
adsorption from this brief exposure to atmosphere was expected to be minimal. The residual 
salt layer on the sample surfaces obscured direct observation of the base material. The salt layer 






and had obvious cracks throughout. Conversely, the salt layers on the M400 samples exposed 
LiCl-Li2O melts containing Li at 650°C were largely homogeneous. This indicates that the 
inclusion of Li in the molten LiCl-Li2O solution enhances adhesion of the salt layer to the M400 
surface as the samples cool following removal from the furnace. 
 
Figure 20: FESEM micrographs taken at 50x magnification for unrinsed M400 samples exposed to LiCl-
2wt%Li2O at 650°C for 20 hours containing (a) 0wt% Li, (b) 0.2wt% Li, (c) 0.4wt% Li, (d) 0.6wt% Li, (e) 
0.8wt% Li, (f) 1wt% Li. The salt residue obscured observation of the large scale morphology of the sample 
surfaces, however cracks in the salt surface were seen that expose small areas of base material. 
 Figure 21 shows the FESEM micrographs taken at 500x magnification of unrinsed M400 






of the salt layers on the M400 surface formed by LiCl-Li2O containing Li compared to the layer 
formed by LiCl-Li2O in the absence of Li was more apparent at this magnification. The base 
material was observed in some places as dark patches below the salt layer, although surface 
morphology of the alloy could not be discerned. 
 
Figure 21: FESEM micrographs taken at 500x magnification for unrinsed M400 samples exposed to LiCl-
2wt%Li2O at 650°C for 20 hours containing (a) no Li, (b) 0.2wt% Li, (c) 0.4wt% Li, (d) 0.6wt% Li, (e) 0.8wt% 
Li, (f) 1wt% Li. The light areas are residual salt, while the M400 surface was observed in the dark areas. It 







 Figure 22 shows the FESEM micrographs taken at 5,000x magnification of unrinsed 
M400 samples exposed to LiCl-Li2O with varying concentrations of Li at 650°C. The alloy surface 
was seen on the samples exposed to Li concentrations up to 0.6wt%, however, no areas of 
exposed alloy of considerable size were observed on the samples exposed to LiCl-2wt%Li2O 
containing 0.8wt%Li or 1wt%Li. Despite the ability to image the sample surface between cracks 
in the residual salt layer at this magnification, the area of exposed base alloy was too small to 







Figure 22: FESEM micrographs taken at 5,000x magnification for unrinsed M400 samples exposed to LiCl-
2wt%Li2O at 650°C for 20 hours containing (a) 0wt% Li, (b) 0.2wt% Li, (c) 0.4wt% Li, (d) 0.6wt% Li, (e) 
0.8wt% Li, (f) 1wt% Li. Surface morphology was observed for samples exposed to LiCl-Li2O containing up 
to 0.6wt%Li, however surface morphology for samples exposed to melts containing 0.8wt%Li and 1wt%Li 
was not observable. 
 Figure 23 shows the FESEM micrographs taken at 25,000x magnification of unrinsed 
M400 samples exposed to LiCl-Li2O with varying concentrations of Li at 650°C. Individual surface 
features were observed at this magnification. These micrographs were obtained primarily to 







Figure 23: FESEM micrographs taken at 25000x magnification for unrinsed M400 samples exposed to LiCl-
2wt%Li2O at 650°C for 20 hours containing (a) 0wt% Li, (b) 0.2wt% Li, (c) 0.4wt% Li, (d) 0.6wt% Li, (e) 
0.8wt% Li, (f) 1wt% Li. EDS spectra were obtained at these locations. 
 The results of the EDS analysis of the alloying elements present at the locations shown 
in Figure 23 are shown in Figure 24. At the accelerating voltage of 20kV used for this data 
collection, penetration depth is approximately on the order of micrometers. The composition 
detected by EDS was consistent with the composition of as-received M400 given in Table 2. 
Minor deviations of the Ni to Cu ratio were for samples exposed to 0.6wt%Li and 1wt%Li. No Mn 






were detected on all unrinsed sample surfaces. The presence of O and Cl was expected on 
unrinsed samples due to the residual LiCl-Li2O salt layer. Both O and Cl were omitted from Figure 
24 to allow for comparison to the as-received alloy composition.  
 
Figure 24: EDS analysis of alloying elements unrinsed M400 samples exposed to LiCl-2wt%Li2O at 650°C 
for 20 hours taken at 25,000x magnification for the locations shown in Figure 24 on areas of exposed base 
alloy. 
4.1.3.2 FESEM micrographs of methanol rinsed samples 
 The M400 samples rinsed with methanol prior to XPS analysis were also analyzed by 
FESEM to detect changes in surface morphology that were unobservable with the residual salt 
layer still present. Figure 25 shows the FESEM micrographs taken at 50x magnification of 
methanol rinsed M400 samples exposed to LiCl-Li2O with varying concentrations of Li at 650°C. 
At this magnification, the sample surfaces appeared to be largely unaffected by the exposure to 
high temperature LiC-2wt%Li2O containing Li up to 0.8wt% and subsequent methanol rinsing. 
However, the M400 sample exposed to LiCl-2wt%Li2O-1wt%Li and rinsed with methanol shows 
obvious deterioration. The divots in surface finish characteristic of the as-received cold rolled 
and annealed sample were no longer visible, indicating a substantial removal of material from 























Figure 25: FESEM micrographs taken at 50x magnification for methanol rinsed M400 samples exposed to 
LiCl-2wt%Li2O at 650°C for 20 hours containing (a) 0wt% Li, (b) 0.2wt% Li, (c) 0.4wt% Li, (d) 0.6wt% Li, (e) 
0.8wt% Li, (f) 1wt% Li. Compared to the as-received micrograph taken at similar magnification, shown in 
Figure 19A, minimal surface degradation is observed at this magnification for all samples except the M400 
sample exposed to LiCl-2wt%Li2O-1wt%Li. 
Figure 26 shows the FESEM micrographs taken at 500x magnification of methanol rinsed 
M400 samples exposed to LiCl-Li2O with varying concentrations of Li at 650°C. At this 
magnification, a trend towards increasing surface damage with increasing Li content was 






this change in surface morphology correlates to the apparent solubility limit of 0.3wt%Li in LiCl-
Li2O, indicating that the effect was a result of excess undissolved Li in the system that is present 
as Li8 nanoclusters (59, 61, 73). The degradation has the appearance of intergranular corrosion. 
However, the vigorous reaction between methanol and LiCl-Li2O containing Li precludes 








Figure 26: FESEM micrographs taken at 500x magnification for methanol rinsed M400 samples exposed to 
LiCl-2wt%Li2O at 650°C for 20 hours containing (a) 0wt% Li, (b) 0.2wt% Li, (c) 0.4wt% Li, (d) 0.6wt% Li, (e) 
0.8wt% Li, (f) 1wt% Li. Increased surface damage was proportional to increased Li content beyond the 
solubility limit of Li in LiCl-Li2O of 0.3wt%Li. 
 Figure 27 shows the FESEM micrographs taken at 5,000x magnification of methanol 
rinsed M400 samples exposed to LiCl-Li2O with varying concentrations of Li at 650°C. Further 
morphological detail was seen on the samples exposed to molten LiCl-Li2O with Li contents 







Figure 27: FESEM micrographs taken at 5000x magnification for methanol rinsed M400 samples exposed 
to LiCl-2wt%Li2O at 650°C for 20 hours containing (a) 0wt% Li, (b) 0.2wt% Li, (c) 0.4wt% Li, (d) 0.6wt% Li, 
(e) 0.8wt% Li, (f) 1wt% Li. Increased damage with increasing Li content was apparent. 
 Figure 28 shows the FESEM micrographs taken at 25,000x magnification of methanol 
rinsed M400 samples exposed to LiCl-Li2O with varying concentrations of Li at 650°C. Grain 
boundary relief can be seen on the samples exposed to molten LiCl-Li2O with Li content above 







Figure 28: FESEM micrographs taken at 25000x magnification for methanol rinsed M400 samples exposed 
to LiCl-2wt%Li2O at 650°C for 20 hours containing (a) 0wt% Li, (b) 0.2wt% Li, (c) 0.4wt% Li, (d) 0.6wt% Li, 
(e) 0.8wt% Li, (f) 1wt% Li. EDS analysis was performed at these locations. 
 Figure 29 presents the EDS analysis performed on M400 samples exposed to LiCl-Li2O-Li 
at 650°C for 20 hours and rinsed with methanol. The M400 sample exposed to LiCl-2wt%Li2O-
1wt%Li shows depletion of Ni compared to the nominal composition for M400. This depletion of 
Ni may be due the formation of the proposed Li-Ni-O surface film and its subsequent dissolution 






M400, given in Table 2. No Mn was observed on the sample exposed to LiCl-2wt%Li2O in the 
absence of Li. The alloy composition was relatively unaffected by exposure to LiCl-Li2O with Li 
contents of up to 0.8wt%Li. 
 
Figure 29: EDS analysis of methanol rinsed M400 samples exposed to LiCl-2wt%Li2O at 650°C for 20 hours, 
taken at 25000x magnification for the locations shown in Figure 28 on areas of exposed base alloy. 
Composition is consistent with as-received M400 for all samples exposed to LiCl-2wt%Li2O containing up 
to 0.8wt%Li, however the sample exposed to 1%wt%Li was relatively depleted in Ni. 
4.1.4 Micro-Vickers Hardness Testing and Optical Microscopy 
 Micro-Vickers hardness testing was performed to detect changes in surface mechanical 
properties of the M400 samples following exposure to molten solutions of LiCl-Li2O-Li. The 
samples were rinsed in methanol prior to indentation to remove residual salt from the surface 
to prevent misrepresentation of the measured hardness. Images of the sample surface following 
indentation were gathered at 200x magnification and are shown in Figure 30. The indentation 
diameter was measured to calculate the Vickers hardness. The Images collected allowed for 























Figure 30: Optical micrographs of M400 samples taken at 200x magnification. (a) As-received M400, (b) 
M400 exposed to LiCl-2wt%Li2O, (c) M400 exposed to LiCl-2wt%Li2O-0.2%Li, (d) M400 exposed to LiCl-
2wt%Li2O-0.4%Li, (e) M400 exposed to LiCl-2wt%Li2O-0.6%Li, (f) M400 exposed to LiCl-2wt%Li2O-0.8%Li, 
(g) M400 exposed to LiCl-2wt%Li2O-1%Li. The images of the exposed samples show indentations 
representative of those used to determine micro-Vickers hardness. The solubility limit of Li in LiCl-Li2O is 
around 0.3wt% Li, which corresponds to the onset of the apparent intergranular corrosion seen on these 
samples. Increased surface deterioration strongly correlates with increased Li content. 
 The surface morphology shown in Figure 30 indicates a strong trend towards increased 
degradation with increased metallic Li content. The observed degradation has the appearance of 
intergranular corrosion similar to the observations made via FESEM in section 4.1.3. However, it 
is noted it was not possible to observe the surface prior to rinsing the samples with methanol. it 
is possible that the surface degradation observed in Figure 30 is due to the reaction that may 
occur during the rinsing procedure for samples exposed to salt melts containing Li.  
 Figure 31 shows the results of the micro-Vickers hardness tests for M400 samples 
exposed to LiCl-Li2O with varying concentrations of Li at 650°C. Softening of the alloy occurred 
due to the exposure to LiCl-Li2O at 650°C for 20 hours, and further softening occurred when Li 
was present; however, there was no observable trend correlating hardness to Li content in the 
molten LiCl-Li2O solution. The change in hardness can likely be attributed to annealing of the 







Figure 31: Micro-Vickers hardness of as-received M400 and M400 samples exposed to molten LiCl-
2wt%Li2O with various concentrations of metallic Li. The reported values are an average of 10 individual 
measurements on each sample, and the error bars show the standard deviation for these measurements. 
Softening due to the 20 hour exposure to molten LiCl-Li2O-Li was observed for all samples relative to the 
as-received sample, however, the change in hardness was independent of the concentration of Li in the 
LiCl-L2O system.  
4.1.5 Raman Spectroscopy 
Raman spectroscopy was performed to characterize the Raman active modes of any 
surface films formed on M400, if present, following exposure to molten LiCl-Li2O-Li solutions. 
The Raman spectra presented in Figure 32 were collected in the glove box via a fiber probe to 
maintain the integrity of the hygroscopic samples. This technique avoided the possibility of 
atmospheric contamination and allowed for examination of the samples in the as-exposed state. 
As demonstrated in section 4.1.6, the surface films formed on M400 were on the order of 10nm. 



























the vibrational and rotational modes of the surface to not be detectable. This can be seen by the 
essentially flat Raman spectra obtained from the surface of every sample. 
 
Figure 32: Raman spectra of M400 samples in the as-received state and following exposure to molten LiCl-
2wt% Li2O-Li solutions, collected via fiber optic probe in an inert atmosphere. No Raman active modes 
were detected on the surface of any sample. This indicates that the thickness of the surface films formed 
on M400 were on the order of nanometers due to the micron-scale interaction depth of Raman 
spectroscopy. 
4.1.6 X-Ray Photoelectron Spectroscopy 
 M400 samples exposed to LiCl-2wt%Li2O-Li at 650°C for 20 hours were rinsed 
with methanol and characterized using XPS. The methanol rinse precluded the use of XPS to 
determine the chemical nature of the surface films formed in the salt melt, as the film would be 
affected by methanol. However, this rinse was necessary to remove the bulk salt layer from the 
sample surfaces and allow for characterization of the alloy surface as unrinsed samples showed 
only the presence of salt. The necessity of the methanol rinse limited the usefulness of XPS 
analysis to quantification of the atomic composition of the sample surfaces and qualitative 
































exposed to LiCl-2wt%Li2O-Li were collected immediately following the methanol rinse, as well as 
after 2 minutes of Ar+ sputtering. XPS was used to characterize M400 samples exposed to LiCl-
2wt%Li2O at 650°C at increments of 0.2wt%Li to observe general trends in surface alterations. 
 The XPS survey scans collected for M400 samples exposed to LiCl-Li2O-Li at 650°C for 20 
hours and rinsed with methanol are shown in Figure 33. All samples display prominent oxygen 
peaks, which is suspected to be the result of oxidation from the methanol rinse. Mn and Fe were 
not present in detectable quantities on the unsputtered surfaces. The relative ratios of Ni and 







Figure 33: XPS survey scans obtained from the surface of M400 samples exposed to LiCl-2wt%Li2O-Li at 
650°C for 20 hours and subsequently rinsed with methanol. Significant O1s and OKLL signal is observed at 
532 eV and 743eV, respectively, which is attributed to the methanol rinse.  
The samples whose spectra are shown in Figure 33 were subjected to 2 minutes of Ar+ 
sputtering and characterized using XPS. The resultant spectra are shown in Figure 34. This 
sputtering treatment was sufficient to remove the oxygen and adventitious carbon from all 







Figure 34: XPS survey scans obtained from the surface of M400 samples exposed to LiCl-2wt%Li2O with 
varying concentrations of Li at 650°C for 20 hours, rinsed with methanol, and subjected to 2 minutes of 
Ar+ sputtering. Oxygen and adventitious carbon are below the detection level on all samples other than 
the sample exposed to LiCl-2wt%Li2O-0.2wt%Li at 650°C for 20 hours. Ni and Cu were both observed to be 
predominantly in the metallic state. 
The relative atomic ratios of Ni and Cu following 2 minutes of sputtering were 
determined from the spectra shown in Figure 34 in a similar manner to that previously 
discussed. Mn and Fe were not included in the analysis of surface composition due to their very 
low signal intensity. It is expected that these low signals could lead to large errors in the 
quantification of their contribution to the surface composition. It is important to note that 
detectable levels of signal corresponding to the Mn 2p and Fe 2p lines were observed on all of 






characteristic of the bulk alloy. As previously discussed, the current density of the Ar+ sputtering 
employed was sufficient to remove 14nm of Ta2O5 in this amount of time, indicating that the 
thickness of the oxide layers formed on M400 were on the order of 14nm. 
The relative atomic ratios of Ni and Cu following 2 minutes of sputtering were 
determined from the spectra shown in Figure 34 in a similar manner to that previously 
discussed. Mn and Fe were not included in the analysis of surface composition due to their very 
low signal intensity. It is expected that these low signals could lead to large errors in the 
quantification of their contribution to the surface composition. The ratio of Ni to Cu, given in 
weight percent, for each sample was calculated using the relative atomic percentages of Ni and 
Cu on the sample surfaces before and after sputtering, to allow for comparison of the 
composition of the exposed samples to the composition to the as-received alloy. The results of 







Figure 35: Relative weight percentages obtained by XPS analysis of Ni and Cu before and after 2 minutes 
of Ar+ sputtering on the surface of M400 samples exposed to LiCl-2wt%Li2O-Li at 650°C for 650 hours after 
rinsing in methanol. The composition of the base alloy is shown by horizontal dotted lines for reference. 
The unsputtered sample surfaces show enrichment in Cu and depletion of Ni, while the sample surfaces 
after 2 minutes of Ar+ sputtering are enriched in Ni. 
 The surfaces of the unsputtered M400 samples were depleted in Ni relative to the as-
received alloy composition of 63.9wt%Ni, while the sputtered surfaces were relatively enriched 
in Ni. Interpretation of the unsputtered surface was complicated by the methanol rinsing 
procedure performed prior to XPS analysis, as the methanol rinse had an unknown effect on the 
chemical state of the surface. The sputtered surface was largely characteristic of the base metal, 
however, the deviations seen at 0.6wt%Li, 0.8wt%Li and 1wt%Li from nominal M400 
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4.1.7 Inductively Coupled Plasma Optical Emission Spectrometry 
 ICP-OES was used to quantify the elemental composition of the alloying elements 
present in the cooled salt ingot following exposure of the M400 samples to molten LiCl-Li2O-Li 
solutions. The raw data was processed to give the total mass of each alloying element found in 
the salt following each experiment at 0.1wt%Li intervals. The masses calculated in this manner 
are given in Figure 36. 
 
Figure 36: Mass of each alloying element in the cooled salt ingots for the M400 samples exposed to LiCl-
2wt%Li2O performed at 0.1wt%Li increments at 650°C for 20 hours. The large variation in the mass of Ni 
detected is largely due to the use of Ni crucibles. The concentrations of the other alloying elements 
detected approached the lower limit of the detection capabilities of ICP-OES. 
 Similar results were obtained for the experiments repeated at 0.2wt%Li intervals. Figure 

































experiments, with error bars indicating the high and low values observed for individual 
experiments. 
 
Figure 37: Average total mass of each alloying element detected by ICP-OES in the cooled salt ingot upon 
completion of the exposure testing of M400 in LiCl-2wt%Li2O-Li for two experiments at each 0.2wt% Li 
interval. The error bars give the results of individual experiments. The total mass of the alloying elements 
other than Ni were roughly constant, while the Ni concentrations were highly variable in the presence of 
Li. The high variation of Ni with addition of metallic Li was likely a result of the use of Ni crucibles for the 
exposure tests. The consistently low concentration of the other alloying elements in the salt ingot over 
the range of Li concentrations studied indicates that M400 was highly resistant to corrosion in the molten 
LiCl-Li2O-Li system.  
 It is noted that both the M400 samples and the Ni crucibles used for containment of the 
molten LiCl-Li2O-Li solutions contributed to the Ni content of the salt ingot. Consequently, the 
quantity of Ni detected by ICP-OES was the result of corrosion of both the M400 samples as well 
as the Ni crucible. The low concentration of Ni in the salt ingot following the exposure tests of 

































metallic Li is not present in the melt. It is likely that the high concentrations and variation of Ni 
in the Li containing melts was a result of the instability of the Ni crucible in the LiCl-Li2O-Li 
system, resulting in its dissolution into the molten salt. Previous studies conducted in our 
laboratory have seen similar as well as greater dissolution rates of Ni into molten LiCl-Li2O in the 
presence of Li (97). The detection of small (mg) quantities of Ni in LiCl-Li2O-Li in the absence of 
M400 samples indicates that the majority of the Ni detected in the salt ingot in this study is due 
to degradation of the crucible. However, all Ni was assumed to come from the M400 samples 
for the corrosion rate calculations below, as it was not possible to quantitatively differentiate 
between the sources of the Ni in the salt ingot. This assumption resulted in a conservative 
(higher) estimate of the corrosion rate calculated from this data. 
 It can be further observed in Figure 37 that the dissolution rate of the other alloying 
elements (Cu, Fe and Mn) in molten solutions containing metallic Li remained roughly constant 
with changes in Li concentration up to 1wt%Li. Alternatively, a high relative rate of Mn 
dissolution was observed when M400 was exposed to LiCl-2wt%Li2O in the absence of Li. This 
observation correlated to the depletion of Mn on this sample’s surface seen in the EDS analysis 
shown in Figures 24 and 29. The change in the relative dissolution rates of the alloying 
components indicates a shift in the chemical reaction mechanisms driving degradation of M400 
in LiCl-Li2O melts in the presence and absence of metallic Li.  
 The total mass of alloying elements in the salt ingot was used to calculate the corrosion 
rate of M400 in LiCl-2wt%Li2O at 650°C for each 0.2wt%Li interval, according to the 
methodology outlined below: 
The corrosion rate was calculated from the ICP-OES data in the following manner. The 






(𝐶𝑖) by the 0.75L volume (𝑉) of water used to dissolve the salt and dividing by the exposure 








The total mass loss rate (𝑀𝑇) for the M400 samples was calculated by summing the mass loss 
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 Equation 6 
The corrosion rate (𝐶𝑅) was then calculated based on the total mass loss rate, the density of 



















 Equation 7 
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 Equation 8 
 
An example of this calculation is shown in Table 6 below: 
Table 6: Example calculation of the corrosion rate observed by ICP-OES for M400 exposed to LiCl-






















0.037 0.037 0.085 0.118 0.00139 0.00139 0.00319 0.00443 0.0104 0.007 
 
The above analysis assumes the density of M400 to be 8.8 g/cm2, that corrosion occurs 
uniformly, and that the total exposed surface area for the two samples is 7.2cm2, as calculated 






resulted in calculated corrosion rates higher than the true value. The results of this analysis are 
presented in Figure 38. 
 
Figure 38: Average corrosion rate for M400 exposed to LiCl-2wt%Li2O-Li for various concentrations of Li. 
The calculated average corrosion rate was excellent for all of the experiments performed, despite the 
large variation in the quantity of Ni detected via ICP-OES. 
 The corrosion rate of the sample exposed to LiCl-Li2O containing no Li was calculated to 
be 0.011±0.004mm/yr.  Addition of Li led to an increased corrosion rate, which is in agreement 
with the optical microscopy and micro-Vickers hardness testing presented in section 4.1.4, 
however, the corrosion rate did not correlate to the concentration of Li. The change in corrosion 
rate with the addition of Li was further indication a possible shift in corrosion mechanism 
between melts containing metallic Li and those not containing metallic Li.  
The highest corrosion rate was found to be expressed by the sample exposed to LiCl-
Li2O-0.2wt%Li and was calculated to be 0.029±0.010mm/yr. This corrosion rate is considered to 
be excellent, and shows that M400 is highly resistant to corrosion in the molten LiCl-Li2O-Li 

































range of melt compositions studied indicates that this alloy would perform well when exposed 
to the process conditions encountered during the electrolytic reduction of UNF. The corrosion 
performance of M400 in the molten LiCl-Li2O-Li system at 650°C is superior to the majority of 
materials that have been studied in this system by this lab group (97).  
4.2 Electrochemical Measurements 
 
 To elucidate the mechanisms responsible for degradation of M400 the OCP was 
measured between Cu and Ni in LiCl-2wt%Li2O containing no Li, 0.2wt%Li, and 1wt%Li at 650°C. 
Ni and Cu were selected as they are the primary alloying components of M400. All 
measurements of the OCP between Cu and Ni use the potential of the Ni wire as the reference 
voltage. To verify the design of the Li-Bi reference electrode described in Chapter 3, the OCP of 
Ni and Cu wires were measured against the Li-Bi reference electrode in LiCl-2wt%Li-0.3wt%Li at 
650°C.  
The OCP between Cu and Ni was measured in LiCl-2wt%Li2O-Li at 650°C to observe 
changes in the electrochemical potentials of these metals as a function of Li content in the 
molten LiCl-Li2O electrolyte and to determine their relative ordering in the galvanic series. The 
results of the measurement of the OCP between Cu and Ni in LiCl-2wt%Li2O containing no Li, 
0.2wt%Li, and 1wt% Li are shown in Figure 39. The potential of Cu was consistently more noble 
than that of Ni; however, the magnitude of the difference in potential varied between 6.7mV 
and 63.3mV. While no correlation between electrochemical potential and Li content in the melt 
was observed, the observation that Cu is more noble than Ni regardless of solution chemistry is 
important for understanding the mechanisms driving corrosion of M400 in the complex LiCl-











































Figure 39: Compilation of the measured OCP between Cu and Ni in LiCl-2wt%Li2O containing no Li, 
0.2wt%Li, and 1wt%Li for 200 seconds. There was no trend observed correlating the OCP measured 
between Cu and Ni as a function of Li content in the electrolyte. However, Cu was observed to be more 
noble than Ni in all experiments. 
 To verify the results observed in Figure 39 in a rigorous electrochemical manner, the 
OCP of Cu and Ni were measured independently against the Li-Bi reference electrode designed 
in Chapter 3 and against each other in LiCl-2wt%Li2O-0.3wt%Li at 650°C. The difference between 
the OCP of Cu and Ni measured independently against the Li-Bi reference electrode was 
calculated to compare to the direct measurement of the OCP between Cu and Ni. The results of 
































Cu vs. LiBi - Ni vs. LiBi
 
Figure 40: Plot of the OCP for Cu and Ni measured independently against the Li-Bi reference electrode and 
each other in LiCl-2wt%Li2O-0.3wt%Li at 650°C for 200 seconds. Very good agreement between the 
independent measurements of the Cu and Ni potentials against Li-Bi and each other was observed. 
If a reference couple exists in thermodynamic equilibrium with a given electrolyte, the 
difference between two electrochemical couples should not be affected by measurement 
against the reference couple. Therefore, the difference between the OCP of Cu and Ni measured 
independently against the Li-Bi reference electrode and each other observed in Figure 40 is a 
measurement of the deviation from the ideal behavior. This difference is defined as the work 
function of the system, and is caused by a number of factors, including potential drop across the 
graphite tube and diffusion of Li through the wall for this system. The variance of the work 
function observed over time is a measurement of the stability of the Li-Bi reference electrode. 
Figure 41 shows the histogram for the work function of the Li-Bi reference electrode, calculated 
from the data presented in Figure 40. The work function was seen to approximately follow a 
normal distribution, with a mean value of 27.4mV and a standard deviation of 8.0mV. This low 
and stable potential proves the validity of the Li-Bi reference electrode designed for this study. 






is similar to that of well-established reference electrodes used in aqueous electrochemistry, and 
therefore represents a significant development for electrochemistry in the LiCl-Li2O-Li system. 
 
















Work function for the Li-Bi reference electrode (mV)
 
Figure 41: Histogram of the distribution of the work function observed for the Li-Bi reference electrode, 
calculated from the difference between the OCP of Cu and Ni measured independently against the Li-Bi 
reference electrode and each other in LiCl-2wt%Li2O-0.3wt% Li, observed in Figure 40. The mean work 
function was 27.4mV and the standard deviation was 8.0mV. This demonstrated the stability and validity 
of the Li-Bi reference electrode designed in Chapter 3. 
 To ensure the repeatability of the electrode design, a second Li-Bi reference electrode 
was constructed in a similar manner to the first electrode. Two independent experiments were 
conducted to measure the OCP of Ni and Cu independently against the Li-Bi reference electrode 
immersed in LiCl-2wt%Li2O-0.3wt%Li at 650°C. The results of these experiments are shown in 
Figure 42. The observed values for the OCP measured for Cu and Ni independently against the 
Li-Bi reference electrodes differed by approximately 70mV between the two Li-Bi reference 
electrodes. This difference could be partially attributed to variations in composition of the Li-Bi 
alloy between the two electrodes, as small errors in the mass of Li and Bi used to form the Li-Bi 
alloy cause large fluctuations in relative atomic concentration due to the large difference in 
atomic masses between Li and Bi. However, the difference in potential between the two 






function between the two electrodes. Despite the variation in work function between Li-Bi 
reference electrodes, the calculated potential between Cu and Ni only differed by approximately 
10mV. This indicated that both Li-Bi electrodes maintained self-consistent potentials despite 
differing in work functions. 
 
Figure 42: Comparison of the OCP measured for Cu and Ni wires vs. two different Li-Bi reference 
electrodes in LiCl-2wt%Li2O-0.3wt%Li at 650°C for 200 seconds. The offset between Li-Bi reference 
electrode potentials is approximately 70mV, which is attributed to variations in the composition of the Li-
Bi alloy between the two electrodes. The difference between the Cu/Ni potential measured by both Li-Bi 
electrodes differed by approximately 10mV. This indicated that both Li-Bi electrodes maintained a stable, 
self-consistent potential with respect to the LiCl-Li2O-Li electrolyte. 
 
4.3 Proposed Mechanism of material interaction 
It is proposed that one possible explanation for the observations made throughout this 
chapter would be that a thin, protective surface film forms on M400 during exposure to LiCl-
Li2O-Li at 650°C, and that this film dissolves during the methanol rinsing procedure. Due to the 
inclusion of Li in LiCl-2wt%Li2O at 650°C, the formation of a lithium intercalated oxides on the 
surface of M400 may be possible. Lithium-transition metal oxides are known to form at 650°C, 
but are structurally unstable and rapidly decompose when exposed to organic solvents such as 






compounds are generally non-stoichiometric and have been extensively researched as cathode 
materials for Li-ion batteries (95, 96). 
The corrosion rates observed via ICP-OES presented in section 4.1.7 were relatively 
constant with respect to the Li content of the molten LiCl-Li2O-Li salt. However, this relatively 
constant dissolution rate is not consistent with the increased degradation of surface 
morphology observed by both optical and electron microscopy performed subsequent to the 
methanol rinsing procedure in sections 4.1.4 and 4.1.3.2, respectively. The combination of these 
observations indicates that the appearance of intergranular corrosion likely occurred during the 
methanol rinse and not during exposure to the molten LiCl-Li2O-Li solutions. Furthermore, 
evidence supporting the formation of these films can be observed in the XRD, XPS and 
electrochemical sections of this study in sections 4.1.2, 4.1.6, and 4.2, respectively. The non-
stoichiometric nature of lithium intercalated transition metal oxides, such as Li1-xNi1+xO2, may 
give rise to the unidentified diffraction peaks observed by XRD in section 4.1.2. Additionally, the 
decomposition of Li1-xNi1+xO2 films during the methanol rinsing procedure would explain the 
observation of a depletion of Ni as observed on the unsputtered sample surfaces during XPS 
analysis in section 4.1.6. The observation of Ni depletion by XPS following the methanol rinse 
indicates that the surface film is primarily Ni based. Finally, the observation of the higher 
nobility of Cu compared to Ni in the LiCl-Li2O-Li system indicates that Ni would preferentially 
oxidize to form a surface film over Cu. 
Interestingly, if the formation of Li1-xNi1+xO2 on the surface of M400 is indeed the 
mechanism of interaction for this alloy with the molten LiCl-Li2O-Li salt at 650°C, the variable 
and non-stoichiometric nature of these films would allow for their adaptation to the dynamic 






the electrolyte increases as the electrolytic reduction proceeds, Li would diffuse into the Li1-
xNi1+xO2 surface film in a manner analogous to the charging cycle for Li-ion batteries (95). Once 
the electrolytic reduction of UNF reaches completion and the next cycle begins, the Li thus 
diffused into the Li1-xNi1+xO2 surface would then desorb to the LiCl-Li2O electrolyte, analogous to 
a Li battery discharge cycle. Commercialization of Li-ion batteries using Li-transition metal oxides 
has shown these materials to be capable of undergoing thousands of charge-discharge cycles 
before failure (96). If a stable Li1-xNi1+xO2 film is formed on M400 in LiCl-Li2O-Li, it may explain the 
stability of this alloy in the molten LiCl-Li2O-Li environment observed in this study. Further 






Chapter 5: Conclusions 
 Electrolytic reduction of UNF is an important step necessary to integrate current 
stockpiles of LWR oxide fuel into a pyroprocessing based closed nuclear fuel cycle. 
Pyroprocessing, accompanied by electrolytic reduction of UNF, offers many advantages over 
traditional aqueous reprocessing methods. Despite the importance of this process, material 
degradation in the molten LiCl-Li2O-Li system has not been extensively studied.  Typically, 
stainless steel 316 and various Inconel alloys are used to construct components exposed to the 
molten salt solutions used for the electroreduction of UNF. These alloys rely on the formation of 
stable chromium rich oxides to protect the base material and limit corrosion. Due to fluctuations 
of the salt chemistry caused by the accumulation of metallic Li on the cathode surface, the 
stability of these surface films has been shown to be compromised as the dissolved Li content in 
the melt varies. 
 A reference electrode was designed and constructed based on the Li-Bi intermetallic 
system for use specifically in molten solutions of LiCl-Li2O-Li at 650°C. The stability and 
repeatability of this electrode was confirmed via measurements of the open circuit potential 
between the Li-Bi reference electrode and Ni as well as Cu wires. The open circuit potential of 
Cu relative to Ni was measured, and Cu was confirmed to be more noble than Ni in the LiCl-Li2O-
Li system at multiple Li concentrations. 
 M400 was investigated as an alternative material for construction of components 
exposed to the molten LiCl-Li2O-Li electrolyte due to its well established corrosion performance 






in the absence of Li, as well as LiCl-2wt%Li2O solutions containing up to 1wt%Li at 650°C for 20 
hours.  
M400 was found to be highly resistant to degradation in all studied environments. However, the 
presence of metallic lithium was found to lead to higher degradation of M400 compared to LiCl-
Li2O containing no metallic lithium. Post exposure analysis of the samples was performed using 
X-ray diffraction, field emission scanning electron microscopy, Raman spectroscopy, X-ray 
photoelectron spectroscopy, optical microscopy, and micro-Vickers hardness testing. The crystal 
structure of the base alloy was observed to be unaffected by exposure to LiCl-Li2O-Li via XRD 
analysis. FESEM and optical microscopy images of M400 samples exposed to LiCl-Li2O-Li and 
subsequently rinsed with methanol showed increased degradation with increased Li content 
that was similar in appearance to intergranular corrosion. Micro-Vickers hardness testing of 
methanol rinsed M400 samples showed softening of the alloy due to exposure to LiCl-2wt%Li2O 
containing no Li, and further softening when metallic Li was included in the salt melt. Raman 
spectroscopy was unable to detect the rotational and vibrational modes of the M400 sample 
surfaces due to the thinness of surface films formed upon exposure to LiCl-Li2O-Li. The surface 
films present on M400 samples exposed to LiCl-Li2O-Li and subsequently rinsed with methanol 
were observed to be on the order of 14 nm by X-ray photoelectron spectroscopy. The data 
obtained from inductively coupled plasma – optical emission spectroscopy characterization of 
the cooled salt ingot was analyzed to determine the corrosion rate for the M400 samples 
exposed to LiCl-Li2O-Li. It is proposed that the corrosion resistance of M400 in LiCl-Li2O-Li is due 







Regardless of the interaction mechanism between M400 and the molten LiCl-Li2O-Li 
system, the corrosion resistance of M400 observed by the analytical techniques employed in 
this study is excellent. The corrosion rate of M400 was shown to be less than 0.040mm per year 
and was nearly independent of the concentration of Li in the LiCl-Li2O-Li system at 650°C. The 
observed stability of this alloy with varying Li concentrations would extend the useful lifetime of 
components constructed with M400 that would be exposed to the varying process conditions 
experienced during the electroreduction of UNF. 
Chapter 6: Future Work 
 Prior to the use of M400 for construction of components exposed to molten LiCl-Li2O-Li, 
further laboratory scale investigations into the behavior of M400 in this system should be 
conducted. The decrease in hardness observed for the M400 samples exposed to LiCl-Li2O-Li at 
650°C compared to the base alloy indicates that the mechanical properties should be further 
investigated, as the operating temperature of 650°C is roughly half the solidus temperature for 
the M400 alloy. Collection of in-situ creep, fatigue, and slow-strain rate performance data would 
be necessary to determine mechanical design parameters. It is also suggested that M400 may be 
explored as a corrosion resistant cladding for higher strength alloys that are not able to 
withstand the corrosive molten LiCl-Li2O-Li environment. Further corrosion testing should be 
performed using crucibles constructed from a different material so that the interaction of the 
crucible with the molten salt does not affect the analysis of the corrosion performance of the 
samples. 
 The Li-Bi reference electrode developed in this work requires further refinement and 






electrochemical experimentation in LiCl-Li2O-Li. Further investigation into formation of the Li3Bi 
phase may yield a more repeatable reference potential. Formation of metallic Li on the graphite 
tube via cathodic polarization above the Li2O reduction potential and its subsequent diffusion 
into the Bi phase through the graphite wall may provide a means of controlling the reaction rate 
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